The endothelial cell membrane glycoprotein thrombomodulin (TM) plays a critical role in the regulation of coagulation. TM is an essential cofactor in protein C activation by thrombin, and a direct inhibitor of thrombin-induced platelet activation and fibrinogen clotting. Protease nexin-1 (PN-1) is a serpin synthesized and secreted by a variety of cells including endothelial cells. PN-1 bound to the cell surface through interactions with glycosaminoglycans, is an efficient inhibitor of thrombin and controls thrombin-induced cell responses. An investigation of the interaction of PN-1 with TM using purified proteins and cultured human aortic endothelial cells was performed. Purified PN-1 was observed to bind to purified TM in a concentration-dependent manner. Double immunofluorescence studies indicated that PN-1 and TM were colocalized at the endothelial cell surface from which they were coprecipitated. Pretreatment of the cells with chondroitinase ABC greatly decreased the amount of the PN-1 associated to TM at the cell surface demonstrating the involvement of the TM chondroitin-sulfate chain in the formation of complexes. The inhibitory activity of the PN-1/TM complexes on the catalytic activity of thrombin, and on thrombin-induced fibrinogen clotting, was markedly enhanced when compared with the inhibitory activity of each partner. PN-1-overexpressing human aortic endothelial cells and PN-1-underexpressing human aortic endothelial cells exhibited respectively a significantly reduced ability and enhanced capacity to activate protein C. Furthermore, PN-1 decreased the cofactor activity of TM on thrombin activable fibrinolysis inhibitor activation by thrombin. These data show for the first time that PN-1 forms complexes with TM and modulates its anticoagulant activity.
T hrombin is the only protease in the coagulation cascade that possesses both coagulant and anticoagulant activities. The anticoagulant action of thrombin is dependent on thrombomodulin (TM), a transmembrane glycoprotein predominantly synthesized by vascular endothelial cells. The extracellular domain of TM consists of an N-terminal lectinlike domain followed by 6 EGF-like domains and a serine/ threonine-rich region which contains potential sites for O-linked glycosylation supporting the attachment of a chondroitin-sulfate (CS) moiety. Thrombin/TM complex formation prevents thrombin-induced fibrinogen clotting, activation of Factor V and of platelets. 1 In contrast, TM-bound thrombin activates protein C (PC) to generate the anticoagulant active protein C (APC). 2 The TM/thrombin complex can also activate the latent inhibitor of fibrinolysis, Thrombin Activable Fibrinolysis Inhibitor (TAFI). 3 Furthermore, TM exhibiting an attached CS moiety binds thrombin Ϸ10 times tighter and accelerates inactivation of bound thrombin by antithrombin 4, 5 and PC inhibitor. 6 The wide distribution of TM within the vascular system, 7 and the marked changes in the activity pattern of thrombin on complex formation with TM, explain the major role of this protein, in the physiological anticoagulant mechanism of control in the hemostatic system.
The catalytic activity of thrombin can be inhibited by a variety of serine protease inhibitors (serpins), including antithrombin (AT), heparin cofactor II (HCII), the plasminogen activator inhibitor-1 (PAI-1) and protease-nexin-1 (PN-1). PN-1, a 43 to 50 kDa glycoprotein, is a potent inhibitor of thrombin and also inhibits other serine proteases such as, u-PA (urokinase-plasminogen activator), t-PA (tissue-typeplasminogen activator) and plasmin. However, in the presence of glycosaminoglycans (GAGs), such as heparin, thrombin becomes the preferential target of PN-1. 8 In the presence or absence of heparin, PN-1 is a more potent thrombin inhibitor than AT. 9 In contrast to AT and HC II, PN-1 is barely detectable in plasma. 10 PN-1 is synthesized and secreted by a variety of cells including vascular smooth muscle cells, 11 endothelial cells, 12 human foreskin fibroblasts, 13 human skeletal muscle myotubes 14 and glial cells or neurons. 15 At the cell surface, PN-1 forms SDS-stable equimolecular complexes with target proteases. 13 Once formed, these complexes are rapidly internalized and degraded as has been reported in human foreskin fibroblasts. 16, 17 PN-1, therefore, has been suggested to be an important specific regulator of protease activities in the pericellular environment.
The aim of this study was to determine whether PN-1 could interact with TM, thereby improving the efficiency of thrombin inactivation by endothelial cells. For this purpose, an investigation of the capacity of TM and PN-1 to interact under purified conditions as well as on endothelial cells was performed. Furthermore the effects of TM/PN-1 complexes on the regulation of thrombin activity were analyzed by using wild-type endothelial cells or endothelial cells that both overexpress or underexpress PN-1.
Materials and Methods
Cell culture, immunofluorescence, cell transfections, enzymatic treatment of cells, reverse transcription and quantitative real-time polymerase chain reaction, TAFI activation, statistical analysis, antibodies and reagents are described in the online data supplement, available at http://circres.ahajournals.org.
Binding of PN-1 to Thrombomodulin
Binding of PN-1 to rabbit TM was analyzed in 96-multiwell plates (Immulon II, Dynatech, Chantilly, Va): Rabbit TM (0.5 g/well in 50 mmol/L bicarbonate buffer, pH 9.6) was allowed to adsorb for 18 hour at 4°C. After saturation with 1% BSA in phosphate-buffered saline (PBS), pH 7.5, recombinant PN-1 (1.25 to 100 g/mL in PBS, 0.1% Tween-20, 0.1% BSA) was incubated with immobilized TM for 90 minutes at room temperature, in the absence or presence of various competitors: heparin, fucoidans, polybrene, heparin-or chondroitan-sulfates. After washing, bound PN-1 was detected using a polyclonal rabbit anti-PN-1 antibody (8 g /mL) followed by a peroxidase-coupled secondary anti-rabbit IgG and OPD. The absorbance at 492 nm was monitored in a microtiter plate reader (ieMS, Labsystem, Courtaboeuf, France). The nonspecific binding of PN-1 to BSA-coated wells was subtracted from the data. Association curves were constructed, and the apparent Kd was estimated using GraphPad Prism for one site binding regression analysis.
Immunoprecipitation and Immunoblot Analysis
Human aortic endothelial cells (HAECs) were grown to confluence. Control cells and chondroitinase-treated cells were washed twice in ice-cold PBS and solubilized in 500 L of ice-cold lysis buffer (10 mmol/L Tris/HCl, pH 8, 150 mmol/L NaCl, 2 mmol/L EDTA, 2 mmol/L sodium orthovanadate, 0.5% Nonidet P-40), containing a complete cocktail of protease inhibitors. Protein concentration was determined and immunoprecipitations were realized using the same amount of protein for each sample. After preclearing the samples with protein A-Sepharose for 30 minutes at 4°C and centrifugation, lysates were incubated with the anti-human PN-1 (25 g/mL) or anti-human TM monoclonal antibodies (25 g/mL) overnight at 4°C followed by the addition of protein A/G-coated magnetic beads and incubation was continued for 2 hour at 4°C. Magnetic separation process was allowed and immunoprecipitated proteins were solubilized with 2% SDS, separated by SDS-PAGE and transferred to nitrocellulose membranes. Membranes were blocked with 5% nonfat dry milk, probed with the anti-PN-1 and anti-human TM monoclonal antibodies followed by horseradish peroxydase-conjugated secondary antibodies. Immunoreactivity was visualized by chemiluminescence.
Thrombin Inhibition by PN-1 in the Presence of Thrombomodulin in a Fluid Phase Assay
Progress curve kinetics were used to estimate the value of second order rate constant k on for the interaction of thrombin with PN-1, in the presence or the absence of thrombomodulin, under pseudo-first order conditions. The dependence of the k on value for the inhibition of thrombin on the concentration of thrombomodulin was determined by incubating PN-1 (5 nmol/L) with increasing concentrations of thrombomodulin (0 to 5 nmol/L in 20 mmol/L phosphate, 100 mmol/L NaCl, 0.1 mmol/L EDTA, 0.1% PEG 8000, pH 7.5) for 5 minutes at 37°C before the addition of the chromogenic substrate S-2238 (0.3 mmol/L). The reactions were started by the addition of thrombin (0.5 nmol/L). Thrombin activity was determined by measuring the rate of substrate hydrolysis at 405 nm using a microtiter plate reader and the Biolyse 2 application (Labsystem, Courtaboeuf, France). Values for k on were calculated as described previously. 17, 18 The uncatalyzed second order rate constant, ie, in the absence of thrombomodulin, was determined using the above method but with PN-1 (150 nmol/L) present in the medium.
Thrombin Inhibition at the Surface of Endothelial Cells
Thrombin (0.5 nmol/L in TBS-20 mmol/L Tris, 150 mmol/L NaCl pH 7.5-containing 2.5 mmol/L CaCl 2 , and 0.1% PEG 8000) was incubated with confluent cells which have been or not pre-incubated with PN-1 (5 or 10 nmol/L) and rinsed before use. In other experiments, thrombin was incubated with chondroitinase-treated confluent HAEC monolayers. After 10 minutes incubation of thrombin on confluent cells, aliquots were removed and transferred into a microtiter plates containing S-2238 (0.3 mmol/L). Thrombin activity was measured as above and residual thrombin activity was calculated.
Fibrinogen Clotting
Fibrinogen (2.5 mg/mL in 10 mmol/L Imidazole, 150 mmol/L NaCl, 10 mmol/L CaCl2, 0.1% PEG 8000, pH 7.5) was mixed with different concentrations of thrombomodulin and PN-1. After 5 minutes at 37°C, clotting was initiated by the addition of 1 nmol/L thrombin. The time to clot formation was measured using a KC 10 automatic coagulometer. A standard curve (␣-thrombin 0.125 nmol/L to 2 nmol/L) was used to calculate the percentage of residual thrombin activity.
Protein C Activation in a Fluid Phase Assay
Thrombin (0.5 nmol/L) was incubated for 10 minutes at 37°C with rabbit thrombomodulin (0.5 nmol/L) in TBS containing 10 mmol/L CaCl 2 and 0.1% PEG 8000, in absence or presence of PN-1 (0.25 to 2 nmol/L). Bovine protein C (80 nmol/L) was added and the incubation continued at 37°C. At specified timed, aliquots were removed; thrombin was inactivated by 100 U/mL hirudin, and activated protein C (APC) was measured using 0.2 mmol/L S-2366 in TBS, pH 7.5.
Protein C Activation at the Endothelial Cell Surface
Thrombin (0.5 nmol/L in TBS containing 2.5 mmol/L CaCl 2 and 0.1% human serum albumin) was incubated for 10 minutes with confluent cells which have been or not preincubated with PN-1 (5 or 10 nmol/L) and rinsed before further use. In other experiments, thrombin was incubated with PN-1-over or underexpressing cells or with control cells. Protein C (80 nmol/L) was, then added, and the incubation at 37°C was continued for 90 minutes. Activated protein C was quantified as described above.
Results

PN-1 Binds to TM
A concentration-dependent and saturable binding of PN-1 to immobilized rabbit TM was observed with an apparent Kd of 105.1Ϯ4.9 nmol/L (meanϮSD) ( Figure 1A ). Heparin (20 g /mL) inhibited PN-1 binding to TM by 83.4%Ϯ7.3% ( Figure  1B ). High-molecular weight fucoidans (20 g/mL) are sul-fated polysaccharides with polyanionic characteristics comparable to those of heparin and also inhibited PN-1 binding to TM by 71.6%Ϯ17.7% ( Figure 1B ). In addition, polybrene (10 g/mL), a polycation that neutralizes the glycosaminoglycan-dependent interactions, blocked PN-1-TM interaction by 71.8%Ϯ3.2% ( Figure 1B ). Finally, chondroitin-sulfate (CS) (10 g/mL) or heparan-sulfate (10 g/mL) also blocked the binding of PN-1 to TM ( Figure 1B ). PAI-1 is another serpin synthesized by endothelial cells that shares with PN-1 the capacity to bind to vitronectin 19, 20 and to inhibit thrombin but with a lower efficiency. PAI-1 (100 g/mL) had no effect on PN-1 binding to TM, the percentage of PN-1 binding to TM being 111.7%Ϯ6.8%.
PN-1 and Thrombomodulin Are Complexed at the Surface of Endothelial Cells
The localization of PN-1 and TM at the surface of endothelial cells was analyzed by immunofluorescence using anti-PN-1 and anti-TM antibodies and confocal microscopy analysis. Double immunofluorescence studies revealed that TM colocalized with PN-1 on the surface of HAECs (Figure 2A ).
When cells were pre-treated with chondroitinase ABC, we observed a robust decrease in the labeling with the anti-PN-1 antibody whereas the labeling with the anti-TM antibody remained unchanged ( Figure 2B ) leading to a disruption of the protein colocalization. This indicates that the CS chain on TM is important for its colocalization with PN-1.
To determine whether PN-1 and TM colocalization was caused by protein association, immuno-precipitation experiments were performed using either the anti-PN-1 or anti-TM monoclonal antibodies. A band at Ϸ50 kDa, corresponding to PN-1 was detected in the samples precipitated by the anti-TM antibody ( Figure 3A ) and reciprocally a spread signal at Ϸ70 kDa corresponding to TM was present in the sample precipitated by the anti-PN-1 antibody ( Figure 3C ) confirming that the two proteins were complexed. Pretreatment of HAEC with chondroitinase ABC resulted in a decreased intensity of the PN-1 band in the cell lysates ( Figure 3B ) and in the TM immuno-precipitate ( Figure 3A ). After the treatment with chondroitinase, TM was still present in cells but detected as a narrow band, because of the loss of the highest molecular weight species of TM after deglycosylation ( Figure 3D ).
Inhibition of Thrombin Activity by the TM-PN-1 Complexes
Because CS appeared to be involved in PN-1 binding to TM and are known to accelerate thrombin inhibition by PN-1, 21 the effect of TM on the inactivation of thrombin by PN-1 was investigated in a fluid phase assay. The uncatalyzed rate constant for thrombin inhibition by PN-1 was 6.6ϫ10 5 Ϯ0.2ϫ10 5 M -1 s -1 , and is in agreement with previous 
Inhibition of Fibrinoformation by TM-PN-1 Complexes
Experimental conditions were chosen in such a way as rabbit TM alone just slightly inhibited thrombin-induced fibrinogen clotting [clotting time increasing from 44 sec to 120 s respectively in the absence or presence of TM (6 nmol/L)] ( Figure 4B ), and as indicated by the intersection points of the different curves with the Y axis on the Figure 4B , PN-1 alone (0 to 4 nmol/L) did not prolonged the clotting time. In contrast, a progressive increase in the thrombin clotting time followed by a sharp upward tendency was observed in the presence of increasing amounts of the TM/PN-1 mixture. At a fixed concentration of TM (6 nmol/L), the fibrinogen clotting time increased from 120 sec in the absence of PN-1 to 329 sec in the presence of 1 nmol/L PN-1. In the presence of 2 nmol/L PN-1, the clotting time was further increased to 908 sec. This corresponded to a decrease in the residual activity of thrombin from 72.5%Ϯ0.7% in the absence of PN-1 to 24.0%Ϯ0.8% and 16.5%Ϯ2.9% in the presence of PN-1, 1 nmol/L and 2 nmol/L, respectively.
Inhibition of Thrombin Catalytic Activity at the Surface of Endothelial Cells
Thrombin was incubated for 10 minutes with cells which have been pretreated with PN-1. The part of unbound active thrombin was then measured ( Figure 5A ). Incubation of thrombin with control HAEC monolayers resulted in a decrease in thrombin catalytic activity, the residual activity being of 86.5%Ϯ1.5% ( Figure 5A ). When thrombin was incubated with HAECs pretreated with 5 nmol/L or 10 nmol/L PN-1, the thrombin residual activity decreased respectively to 78.8%Ϯ2.8% and 73.6%Ϯ0.4% ( Figure 5A) , indicating that the additional PN-1 bound to HAEC surface increased the inhibitory capacity of the cells. Interestingly, when thrombin was incubated with chondroitinase ABCpretreated HAECs, the catalytic activity of thrombin was not blocked anymore, the residual activity being of 97.8%Ϯ4.7% ( Figure 5B) , indicating that the chondroitinase treatment abolished the inhibitory effect of cells on thrombin.
Inhibition of Protein C Activation by TM-PN-1 Complexes
As TM is a critical cofactor for thrombin-mediated activation of PC, an investigation of the effect of PN-1 on APC production was performed in a fluid phase assay ( Figure 6A ). 
IB:
Inhibition of Protein C Activation at the Surface of Endothelial Cells
PC activation was also performed on HAEC. In such conditions, HAECs were the source of thrombomodulin. The rate of protein C activation was reduced by 34.7%Ϯ4.7% on HAECs which have been preincubated with 10 nmol/L PN-1 ( Figure 6B ). To better address the functional contribution of PN-1/TM interaction on the cell surface, PN-1 siRNA was used to transiently knock-down PN-1 expression. In another set of experiments, a vector containing the complete PN-1 coding sequence was used to overexpress PN-1 ( Figure 7A ). We observed that 48 hours after transfection, PN-1underexpressing HAECs exhibited a significantly enhanced capacity to activate protein C (30%Ϯ18% increase) and reciprocally, PN-1-overexpressing HAECs exhibited a significantly reduced ability to activate protein C (24%Ϯ4% decrease) ( Figure 7B ).
Inhibition of Thrombin Activatable Fibrinolysis Inhibitor Activation
In addition to protein C activation, the thrombin/TM complex mediates TAFI activation, a procarboxypeptidase U that protects the fibrin clot against lysis. 22 Thrombin alone is a relatively poor activator of TAFI. 3 In the present study, TAFI activation was performed by an equimolar (10 nmol/L) mixture of thrombin and TM, in the absence or the presence of 10 nmol/L PN-1. On 10 minutes activation of TAFI, a 36-kDa band corresponding to activated TAFI was generated ( Figure 8 ). Subsequently, after 60 minutes, the typical degradation products of 25-and 11 kDa were formed (Figure 8 ). TAFI activation was completely blocked in the presence of PN-1 even after 60 minutes activation with thrombin and TM.
Discussion
The results of the present study demonstrate that PN-1 binds to TM and that the CS moiety of TM is critical for the interaction. These proposals are supported by the following evidences: First, PN-1 bound to immobilized TM. Second, PN-1 binding to thrombomodulin was inhibited by various polysaccharides such as CS and by the polycation, polybrene. Third, thrombin inhibition by PN-1 was accelerated in the presence of TM and polybrene reversed the effect of TM. Two other serpins, AT and the protein C inhibitor, have already been shown to bind to different sites on TM. TM has been shown to enhance the rate of thrombin inactivation by AT 5, 23, 24 and CS is important for AT binding to TM, as deglycosylated TM lacks the AT-dependent anticoagulant activity but retains its PC activation cofactor activity. 25 Thus, TM, thrombin and PN-1 or AT appear to associate as trimolecular complexes in which the catalytic site of thrombin remains accessible to the inhibition by serpins. 23, 26 Nevertheless, using our solid phase assay we neither detected direct binding of AT to TM nor observed any inhibition of PN-1 binding to TM in the presence of an excess of AT (10-fold) over PN-1 (data not shown). Furthermore, TM accelerated thrombin inhibition by PN-1 by about Ϸ20-fold whereas it has been reported to accelerate thrombin inhibition by AT by only 4 to 8-fold. 23 Together these data suggest that PN-1 binds to TM with a higher efficacy than AT does. PN-1 has been actually reported to have a higher affinity for CS than AT. 27 In contrast, PAI-1, another serpin with poor antithrombin activity does not bind to the thrombin/TM complex. 28 Similarly, PAI-1 had no effect on PN-1 interaction with TM.
The interaction of PN-1 with TM appears to be physiologically relevant since PN-1/TM complexes were detected on HAECs. PN-1 and TM were efficiently coprecipitated from lysates of HAECs and their colocalization was observed by confocal laser-scanning microscopy. Secreted PN-1 is known to bind at the cell surface through interactions with polysaccharides and is released on cell treatment with heparin. 29 The present report identified TM as a major PN-1-binding proteoglycan. The role of the CS moiety of TM in PN-1 binding on endothelial cells is demonstrated by the treatment with chondroitinase ABC, which resulted in the disruption of protein colocalization as well as in the reduction of their Figure 7 . Reducing or increasing the expression of PN-1 on HAECs modulates protein C activation by thrombinthrombomodulin. As described in the data supplement, HAECs were transiently transfected with an irrelevant siRNA, siRNA targeting PN-1 to knockdown PN-1 (PN-1 siRNA), or a vector containing the complete PN-1 coding sequence to over-express PN-1 (PN-1 surexpression), or an empty vector (mock). Control cells were treated with the transfection reagents alone. A, PN-1 and GAPDH were quantified by RT-PCR as described in the data supplement section. Data are expressed relatively to control values obtained from control cells (100%). B, Thrombin (0.5 nmol/L) was incubated with cells transfected with an irrelevant siRNA or the PN-1 siRNA or with an empty vector (mock), or a vector containing the PN-1 cDNA (PN-1-overexpressing cells). 48 hour after transfection, protein C was added and its activation was measured as described in the Materials and Methods section. Results are the meansϮSD of 3 to 5 determinations. *PϽ0.05 significantly different from the respective controls. coprecipitation. In contrast, no difference in the colocalization or coprecipitation was observed after heparinase treatment (data not shown). Therefore, the efficacy of PN-1 binding to TM may be related to the TM content in CS which is variable depending on the vascular origin. 30 Interestingly, in the present report, HAECs have been shown to limit the catalytic activity of thrombin by both a CS-and PN-1dependent mechanism. Thus, TM and PN-1 variations are likely to determine the anti-thrombin activity of the endothelium. Therefore, arterial cells which express a high proportion of CS-associated TM are assumed to carry out a better protection against thrombin than venous cells which express a low proportion of CS-associated TM. The fact that we did not succeed in coprecipitating TM and PN-1 in lysates of HUVEC (data not shown) is in favor of this hypothesis. Therefore the amount of TM/PN-1 complexes at the endothelial cell surface may vary according to the vascular territory. Whether or not PN-1 expression is variable in different vascular beds remains to be established. When TM and PN-1 at concentrations too low to prolong the thrombin clotting time were mixed, a synergistic effect on clot formation was observed as indicated by a sharp prolongation of the clotting time. This striking anticoagulant activity of the TM/PN-1 complex is explained by the observation that TM prevents fibrinogen binding to the thrombin exosite 1, 31 and enhances the inhibition by PN-1 of fibrinogen proteolysis by thrombin. The TM/PN-1 complex thus inhibits clotting in a fashion similar to hirudin, with the simultaneous blockade of the thrombin exosite 1 and catalytic site.
On another hand, TM increases the rate of PC activation by thrombin by a factor Ϸ1 000. 1 A recent study demonstrated that the affinity of PC for the thrombin/TM complex is determined in a primary way by active site dependent interactions. 32 In the present report, PN-1 was shown to reduce the rate of PC activation by thrombin in the presence of thrombomodulin, not only in a fluid phase assay but also at the surface of endothelial cells. Indeed, transient knock-down or overexpression of PN-1 respectively increased or reduced PC activation. Membrane bound-PN-1 has thus a direct influence on PC activation and therefore a significant impact on the antithrombotic properties of endothelial cells.
TM is also a cofactor for the thrombin-catalyzed activation of TAFI. The active form of TAFI prevents fibrinolysis by removing lysine residues from fibrin. The present study indicates that PN-1 blocks TAFI activation by thrombin/TM and thus may favor fibrinolysis. Consequently, PN-1 can modulate the regulation of both the coagulation and fibrinolytic cascades by its interaction with TM. Nevertheless, the net effect of the PN-1/TM interaction on the different activities of thrombin remains to be determined.
In summary, PN-1 binds to endothelial cell TM. This interaction appears to account for an important improvement in the reactivity of the serpin with thrombin. The coordinated action of TM with PN-1 has direct consequences on thrombin activity among which a dramatic enhancement in the inhibition of fibrinoformation. The net effect of thrombin on endothelial cells might thus be regulated by the concentration of the TM/PN-1 complexes. Because TM and PN-1 are both expressed in the vasculature, local variations of expression of PN-1 and/or TM, are likely determinants for the regulation of thrombin activity in vivo.
